Characterization of structure and dynamics of nonnative protein states is important for understanding molecular mechanisms of processes as diverse as folding, binding, aggregation, and enzyme catalysis to name just a few; however, selectively probing local minima within rugged energy landscapes remains a problem. Mass spectrometry (MS) coupled with hydrogen/deuterium exchange (HDX) offers a unique advantage of being able to make a distinction among multiple protein conformers that coexist in solution; however, detailed structural interrogation of such states previously remained out of reach of HDX MS. In this work, we exploited the aforementioned unique feature of HDX MS in combination with the ability of MS to isolate narrow populations of protein ions to characterize individual protein conformers coexisting in solution in equilibrium. Subsequent fragmentation of the protein ions using electron-capture dissociation allowed us to allocate the deuterium distribution along the protein backbone, yielding a backbone-amide protection map for the selected conformer unaffected by contributions from other protein states present in solution. The method was tested with the small regulatory protein ubiquitin (Ub), which is known to form nonnative intermediate states under a variety of mildly denaturing conditions. Protection maps of these intermediate states obtained at residuelevel resolution provide clear evidence that they are very similar to the so-called A-state of Ub that is formed in solutions with low pH and high alcohol. Method validation was carried out by comparing the backbone-amide protection map of native Ub with those deduced from high-resolution NMR measurements.
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protein conformation | protein dynamics | nonnative state | conformational dynamics T he concept of protein energy landscapes, initially developed to rationalize the fast acquisition of a unique native fold by a fully unstructured polypeptide chain using the notion of a "folding funnel" (1, 2) , has been successfully applied in the past decade to describe processes as diverse as recognition and binding (3, 4) , aggregation (5) , enzyme catalysis (6) , and other functional properties (7, 8) . The complexity of an energy landscape is usually emphasized by the presence of multiple local minima, which frequently serve as important modulators of protein function and other properties. Detailed characterization of the structure and dynamics of these higher-energy (nonnative) protein states is key to understanding the molecular mechanisms of folding and other processes relevant for protein function or homeostasis (9) . However, selective characterization of individual nonnative states within a rugged energy landscape remains a formidable problem. Although spectroscopic techniques frequently allow the presence of multiple conformers to be detected, they rarely provide the level of structural detail adequate for complete characterization of these elusive species. Whereas atomic-level structural details can be provided for native conformers by X-ray crystallography, characterization of multiple states coexisting at equilibrium remains a challenge, although some dynamic events can be visualized by trapping unstable states (10) , and, at least in some cases, highly structured near-native conformers might be segregated during the crystal growth stage and characterized individually (11) . Dynamic features of proteins can be captured with NMR-based techniques (12) , which, in some cases, allow atomic-level characterization of nonnative states to be achieved (especially in situations when nonnative states can be stabilized by mutations or other alterations of protein primary structure) (13) (14) (15) . However, coexistence of multiple conformers in solution still presents a challenge for NMR measurements, because the signals are typically averaged over the entire ensemble of protein molecules.
Hydrogen/deuterium exchange with mass spectrometry detection (HDX MS) is another powerful tool for characterizing protein conformation and dynamics (16) . One of the unique features of HDX MS is its ability to detect and monitor individual protein conformers that become populated either transiently under native conditions (17) or exist at equilibrium under mildly denaturing conditions (18) . Although such measurements can only be carried out under conditions that favor the so-called correlated exchange (19) , they are nonetheless extremely useful for characterizing complex energy landscapes (20) . The distinction among multiple protein states under these conditions is made based on their different levels of deuterium incorporation, which usually gives rise to bi-or multimodal isotopic distributions of protein ions in MS. Unfortunately, the classical approach to characterizing protein structure with HDX [i.e., proteolysis under the slow-exchange conditions, followed by chromatographic separation of peptide fragments and MS measurements of their deuterium content (21)] does not allow separate characterization of individual conformers, because the proteolytic fragmentation step is applied to the entire ensemble of protein ions in solution regardless of their deuterium content.
Significance
Structure and dynamic features of nonnative protein conformations are critically important for a variety of processes, such as folding, recognition, binding, aggregation, and enzyme catalysis to name just a few. Nevertheless, detailed structural characterization of these elusive species is difficult, because they almost always coexist in equilibrium with other conformers and cannot be isolated prior to analysis. As a result, most studies report structural features that are averaged across the entire protein ensemble, rather than unique features of individual conformers. This paper reports structural characterization of an individual nonnative protein conformer without interference from other states coexisting in solution under equilibrium.
Structural characterization of individual conformers might be possible with the so-called "top-down" approach to HDX MS, where the proteolytic fragmentation step in solution is replaced with fragmentation of intact protein ions in the gas phase (22) . This approach has been used by several groups to probe protein dynamics, although in all studies, the entire protein ion ensemble was subjected to fragmentation to maximize the signal-to-noise ratio, without selecting specific conformers (23) (24) (25) (26) . Top-down HDX MS has been used to capture structural differences between monomeric and oligomeric forms of a small amyloidogenic peptide (27, 28) , as well as map the influence of posttranslational modifications on protein higher order structure (29) . Nevertheless, the ability of top-down HDX MS to probe structural and dynamic features of individual monomeric conformers coexisting in solution at equilibrium (by mass-selecting protein ions with markedly different levels of deuterium incorporation before their fragmentation) has never been demonstrated.
In this work, we used ubiquitin (Ub) as a model to demonstrate the unique ability of top-down HDX MS to extract structural data on individual nonnative protein states without interference from other conformers coexisting in solution at equilibrium. Ub populates a partially structured state (the socalled A-state) in the presence of alcohol in acidic solution at low salt (30) , and this state was postulated to exist under a variety of other conditions (31) , including those that favor correlated exchange regimes, where a distinction between this conformer and the native protein can be made based on markedly different levels of deuterium incorporation in HDX MS measurements (32) . The A-state of Ub, the structure of which has been extensively characterized using NMR (33) (34) (35) (36) (37) (38) and other spectroscopic techniques (39) , largely maintains the native secondary structure within the N-terminal part, whereas significant conformational changes within the C-terminal part eliminate the native fold and transform it into a transient helix. Top-down HDX MS characterization of the nonnative conformer of Ub reported in this work generates backbone-amide protection patterns fully consistent with the A-state of the protein and demonstrates that that top-down HDX MS/MS is capable of selective characterization of structural features of nonnative protein states without interference from other conformers coexisting in solution at equilibrium.
Results
Method Validation: Top-Down HDX MS/MS Characterization of Native Conformation of Ub and Comparison with High-Resolution NMR. The single factor with the highest potential to compromise the quality of HDX MS/MS measurements is hydrogen scrambling [i.e., intramolecular migration of labile hydrogen atoms causing rearrangement of protons and deuterons within the protein ion before its dissociation (40, 41) ]. Earlier studies demonstrated that electron-based fragmentation techniques result in negligible hydrogen scrambling within protein ions (24, 25) ; nevertheless, caution always needs to be exercised to ensure the absence of scrambling, which may be caused, among other things, by collisional heating of protein ions before their fragmentation. In this work, we minimized collisional heating by selecting relatively gentle conditions of ion production, selection, and accumulation before their fragmentation with electron-capture dissociation (ECD) (see Materials and Methods for specific details), with b and y type of fragment ions serving as indicators of collisional heating (42) . Although the absence of b and y ions in the mass spectra of ECD fragments provides a reasonable assurance that collisional heating of protein ions is minimal, additional evaluation of the extent of hydrogen scrambling was required. This was achieved by comparing the backbone protection map deduced from the top-down HDX MS measurements on native Ub with the previously reported NMR data (35, 37, 43 10+ protein ions were mass-selected for fragmentation using a 20 m/z units-wide isolation window. Overall, 33 c ions and 34 ions were observed in the ECD mass spectrum ( Fig. 1) , the ionic signals of which were sufficiently high to be used for calculating distribution of deuterium across the protein backbone (i.e., producing backbone-amide protection maps). These fragment ions allowed a single-residue resolution to be achieved for 84% of the protein sequence, with additional 11% of the sequence resolved at two-residue resolution (note that there are three Pro residues in Ub, which do not produce c and z type of fragments, nor do they bear reporter hydrogen atoms on their amide groups). The fraction of deuterium retained at each individual backbone amide, D(R i ), was calculated as described in Materials and Methods, and the results are plotted in Fig. 2 as a function of the residue number in Ub sequence R i (all numeric values are presented in Table S1 ). The full theoretical range of D (R i ) values is from 0 [indicating the complete exchange (i.e., no protection of backbone amide)] to 0.91 (indicating full retention of the deuterium label). The latter value is determined using the
H ratio in the final protein solution (it would have been 1.00 in the case of infinite dilution of the protein stock solution in exchange buffer during initiation of the exchange reactions).
The backbone-amide protection map of native Ub (Fig. 2 ) shows excellent agreement with the X-ray crystal structure of the protein (44) , because all regions displaying high protection align with the highly structured segments of the protein (all elements of Ub 2°structure are presented symbolically on top of the protection map in Fig. 2 ). Additional evaluation of the quality of the protection map was carried out by comparing it with three sets of previously reported high-resolution NMR data (35, 37, 43) . This was done using the procedure developed by Sterling and Williams (45) , where the exchange-rate constants determined by NMR are plotted on the normalized negative-logarithm scale (with 1.0 corresponding to the slowest rate and 0.0 to the fastest). Slight incongruence of the three datasets (represented with bars of different colors in Fig. 2 ) may be caused by variations in experimental conditions, including solution pH, buffer composition, ionic strength, and temperature. Overall, the backbone-amide protection maps derived from the NMR measurements are in excellent agreement with the top-down HDX MS data obtained in this work. The very few residues where significant deviation exists between the NMR and HDX MS data (e.g., Ile 36 and Ser 65 ) also display noticeable discrepancy among different NMR sets. On the other hand, there is a remarkable agreement between the NMR and HDX MS data in the regions of alternating protection (e.g., β-strand 2, where only every other amide hydrogen is involved in hydrogen bonding), suggesting that the top-down HDX MS correctly captures structural features of protein conformation at high resolution. Overall, comparison of the backbone protection pattern of native Ub deduced from the top-down HDX MS data are in good agreement with both X-ray crystal structure of this protein and NMR measurements, suggesting that under the experimental conditions chosen in this work the extent of hydrogen scrambling is minimal and does not negatively affect the quality of HDX MS data.
Isolation of Ionic Signals of Individual Conformers of Ub Coexisting at
Equilibrium. To interrogate structural features of a nonnative Ub conformer coexisting at equilibrium with other protein states, top-down MS measurements were carried out following HDX in a solution with high alcohol content at neutral pH (see condition II in Table 1 ). Ub is known to populate more than one conformation under these conditions (31, 32) , one of which was previously hypothesized to be the classical A-state of Ub (the commonly accepted way to generate the A-state of Ub uses an acidic solution with high alcohol content). As illustrated in Fig. 3 , the isotopic distribution of intact Ub ions during HDX (Ub* in Fig. 3A ) clearly displays a bimodal shape under these conditions. This bimodal character was previously postulated to reflect transitions between the native state of Ub and a partially structured nonnative intermediate occurring under conditions favoring the EX1 exchange regime, whereas transitions from either of these two states to the unfolded (fully unstructured) state of Ub would occur under conditions favoring the EX2 regime (32) . This results in a slow loss of deuterium label by both ion populations in the bimodal distribution shown in Fig. 3 without the explicit appearance of ions representing the fully unstructured state (such as observed for the endpoint sample in Fig. 3A) . The two protein states clearly visible in the isotopic distribution of ions Ub* in Fig. 3A were denoted C-1 (the less protected conformer represented by ionic signal at m/z 859-863) and C-2 (the more protected conformer represented by ionic signal at m/z 861-864). Because replacement of labile deuterium with hydrogen atoms in the course of HDX is essentially an irreversible process, increase of the exchange time results in a progressive accumulation of C-1 signal, whereas C-2 is diminished. In this work, the duration of exchange (161 s) was chosen such that the ionic signals representing the two conformations are nearly equal to each other (Fig. 3B) . It is important to note that the apparatus developed in this work allows the ionic populations representing distinct conformers to be readily isolated at different exchange time points by varying the length of the exchange loop and/or manipulating the flow rates.
Isolation of ionic signals of each conformer was achieved by mass-selecting a fraction of [M+10H] 10+ ions in the front-end quadrupole filter. The center and width of the isolation windows were chosen to eliminate ionic signal of the neighboring conformer while minimizing signal loss of the conformer being selected. Partial overlap of the ionic signals representing C-1 and C-2 made it difficult to isolate C-1 without interference from the other conformer: the shoulder in the envelope of isolated isotopic peaks of C-1 indicates the presence of residual C-2 signal (Fig. 3C) ; however, the relative abundance of this signal is less than 6%. Likewise, the isolated ionic signal of C-2 ( Fig. 3D ) might also contain small interference from C-1 in the form of sodium ion adducts falling within the ion isolation window (formation of a Na + adduct results in a mass increase of the protein ion by 22 Da). However, this interference was estimated to be less than 7% of the total isolated signal based on the net abundance of alkali metal ion adducts in mass spectra of Ub (e.g., Fig. 3B ). The isolated signals of C-1 and C-2 conformers are centered at m/z 860.7 and 862.4, respectively, deviating from the centroids of the isotopic envelops representing these conformers in the isotopic distribution of Ub* before isolation by only 0.4 and 0.2 m/z units, whereas the absolute signal intensity was diminished by only 31% and 33%, respectively.
Structural Characterization of Individual Conformers. Mass comparison of ECD fragments derived from intact ions representing isolated C-1 and C-2 conformers immediately highlights the presence of protein segments where backbone protection is nearly identical for the two conformers, as well as segments where the protection difference is very significant (indicating significant difference between their structures). An example is shown in Fig. 4 , where the isotopic distributions of c 14 2+ fragments (representing the N-terminal segment of Ub containing the first 14 backbone amides) derived from C-1 and C-2 conformers are virtually indistinguishable, whereas the z 14 2+ fragments (representing the C-terminal segment of the protein containing thirteen backbone-amide groups) derived from the same conformers exhibit noticeable difference. This simple analysis suggests that the higher-order structures of C-1 and C-2 are likely to be very similar in the N terminus of Ub, whereas significant differences exist in its C terminus. It is also noteworthy that such differences are not apparent when top-down HDX MS data are acquired for the entire population of protein ions without isolation of individual conformers (Fig. 4A) .
The levels of retained deuterium label following exchange in solution plotted for all fragment ions derived from isolated C-1 and C-2 conformers (Fig. 4D ) also reveal a dramatic difference between these two conformers in the C-terminal part of the protein. To identify the regions exhibiting the most dramatic structural differences, these data were used to calculate deuterium retention at individual amides, D(R i ), for both conformers ( Fig. 5 and Table S1 ). Protein residues exhibiting significant difference in deuterium retention between C-1 and C-2 were identified using the following criterion. The absolute value of the most negative D(R i ) (0.15) (on the graph in Fig. 5 ) was treated as the extreme magnitude of error oscillation [obviously, the theoretical, or error-free value of D(R i ) should never fall below 0]. Any residue R i where the value of D C−2 (R i ) − D C−1 (R i ) exceeded 0.30 (the double of 0.15) was regarded as a residue with "significant difference" in protection between the two conformers (highlighted in gray in Fig. 5) .
Overall, there is a remarkable similarity between the backbone-amide protection maps of C-1 and C-2 within the N-terminal half of the protein (residues 1-35), whereas significant differences are observed within the C-terminal half. Furthermore, the protection pattern of the C-2 conformer is remarkably close to that of the native Ub (Fig. 2) , consistent with the previously made suggestion (31, 32) that the structured state populated by the protein under these conditions (neutral pH, high alcohol content) is in fact the native conformer (see SI Text and Fig. S1 for more detailed analysis). To prove that the less structured conformer (C-1) is similar to the A-state of Ub, a reference protection map was obtained by carrying out the exchange reactions in zero-salt solution containing 60% alcohol (vol/vol) (see condition III in Table 1) , which was previously shown to populate the A-state of the protein (32) . A detailed comparison of the two protection maps (C-1 and A-state) reveals their near complete (47); however, detailed structural characterization of these states remained out of reach of MS-based methods of structural analysis. Although fragmentation of the entire ensemble of protein molecules in solution by means of proteolysis or in the gas phase using various ion activation techniques frequently generates fragments with convoluted isotopic distributions, even the most sophisticated deconvolution methods (48) cannot establish unequivocal correlation between these distributions and those of the intact protein ions. The approach used in this work to overcome this problem relies on physical isolation of protein ions representing specific individual conformers based on their deuterium content, followed by their fragmentation. Even in the relatively unfavorable case of Ub considered in this work (where the isotopic distributions corresponding to the A-state and the native conformer partially overlap), it is possible to isolate each conformer's signal such that contribution of the other conformer does not exceed 6-7%. The ability to physically isolate protein ions representing different conformers coexisting at equilibrium in solution before using ECD to analyze the distribution of deuterium atoms across the protein backbone allows their structural characterization to be carried out in a highly selective fashion with minimal interference from other states. Isolation and structural interrogation of the two (partially) structured equilibrium states of Ub populated at neutral pH, low-salt solution in the presence of alcohol generates backbone protection maps, which are consistent with the Astate of the protein and its native conformation. Importantly, structural details of both conformers can be seen at high (residuelevel) resolution. For example, not only can one clearly see the loss of stable structure in the C-terminal part of the protein upon formation of the A-state but also much smaller elements lacking backbone protection (and, therefore, the ability to retain deuterium label), such as β-turns in both A-state and the native conformer of Ub (e.g., see segments Thr Figs. 2 and 5 ). An even higher level of detail can be seen in the protein segment Thr 12 -Glu 18 (corresponding to β-strand 2), which shows a very uneven protection pattern (with only every other amide group exhibiting high level of deuterium retention), consistent with the topology of hydrogen bonding between a terminal strand in the β-sheet and the neighboring strand (38) . This level of detail allows all equilibrium states of Ub interrogated in this work to be unambiguously identified using direct comparison of their high-resolution backbone protection maps with the "reference" maps of the known Ub conformers.
M Q I F V K T L T G K T I T L E V E P S D T I E N V K A K I Q D K E G I P P D Q Q R L I F A G K Q L E D G R T L S D Y N I Q K E S T L H L V L R L R G G
It remains to be seen whether the top-down HDX MS approach presented in this work is capable of teasing out even finer differences in higher-order structure among various protein conformers, such as making a distinction between the native state of Ub and its higher-energy state N2 [populated at high pressure or produced as a result of mutations (14, 49) ], which has a nearly identical secondary structure to the native state but a slightly altered tertiary fold. Although physical isolation of ions corresponding to the N2 state from those representing the native conformer by means of MS/MS alone can prove problematic because of the expected similarity in HDX kinetics, utilization of ion-mobility spectrometry (50) can address this problem by allowing the two conformers to be resolved temporally based on the difference in their shapes in the gas phase.
We have demonstrated the capability of top-down HDX MS to specifically capture structural features of individual protein conformers coexisting in solution with high spatial resolution. Structural differences were evident in protection maps obtained at a single exchange point for Ub under conditions known to induce multiple conformations, and collecting HDX datasets at various time points would permit the exploration of HDX kinetics, providing an additional dimension to structural characterization. The methodology described in this work is applicable H retention on partially exchanged Ub (Ub*) by overlaying its spectrum with spectra of unlabeled (Ub), completely exchanged Ub (endpoint), and fully deuterated (Ub**) protein ions on a zoom-out scale. B shows broad-band isolation of Ub* ions, and C and D illustrate isolation of Ub* ions representing conformers C-1 and C-2, respectively (the isolation windows are shown in A).
to any intact protein, as long as it is possible to select conditions when the intrinsic (chemical) exchange rate is significantly higher than the refolding rate of the partially unfolded protein back to its native state. Although this does rule out the possibility of directly probing the structure of transient nonnative states under the native conditions (which rarely favor the EX1 exchange regime), structural information obtained under the mildly denaturing conditions for the equilibrium nonnative states is still very valuable for understanding the mechanisms of a variety of processes where nonnative protein states play important functional roles, such as ligand recognition/binding (51) and protein association (52, 53) . The unique capability of the top-down HDX MS demonstrated in this work coupled with other MS-based methods of macromolecular structure analysis, such as monitoring charge-state distributions of protein ions and ion-mobility spectrometry, is likely to open new possibilities in the fields of biophysics and structural biology. Characterizing the structure of partially folded (nonnative) states of proteins in a highly individualized fashion without interference from other conformers that may either coexist at equilibrium or become populated transiently will provide valuable information needed to further our understanding of a plethora of biological processes involving proteins and reveal the most intimate details of their behavior relevant not only to function, but also misfolding, aggregation, and amyloidosis.
Materials and Methods
Materials. Ub from bovine erythrocytes was purchased from Sigma-Aldrich. Deuterium oxide (99.9% 2 H) was purchased from Cambridge Isotope Laboratories. Ammonium acetate, acetic acid, and methanol (HPLC grade) were purchased from Fisher Scientific.
Hydrogen Exchange. Ub was fully deuterated (Ub**) by repeated cycles of incubation in deuterium oxide ( 2 H 2 O) with 3% (vol/vol) formic acid for 90 min at 40°C, followed by lyophilization; 2 H 2 O was used to dissolve Ub subsequent to the final round of lyophilization and then a 200 mM solution of ammonium acetate made up with 2 H 2 O was added to yield a final concentration of 10 mM ammonium acetate and 20 μM Ub; this HDX-ready stock solution of Ub** (solution A in Table 1 ) was kept at 4°C. The extent of deuteration of Ub** was verified by ESI MS, yielding a 97.4% replacement of labile hydrogen atoms with deuterium. HDX was initiated by mixing Ub** with 1 H 2 O-based exchange solvent (solution B in Table 1 ) in an in-house, online-mixing apparatus that comprises three inlets and two sequential high-efficiency mixing sites regulated by Nano-Mixer chips (Upchurch Scientific), as depicted in Fig. S2 . Three syringes used to infuse protein solution, exchange solvent and quench solvent (solutions A, B, and C in Table 1) were advanced simultaneously by a single Nexus 3000 syringe pump (Chemyx), resulting in a constant 10-fold dilution of solution A into B at the first mixing site, and acidification of resulting mixture with solution C at the second mixing site. Whereas the exchange loop (between the two mixers) was kept at ambient temperature, the quench solvent (solution C in Table 1 ) and all capillaries downstream of the second mixer were kept on ice to minimize possible loss of 2 H label by the protein past the exchange loop. The length of the capillary comprising the exchange loop was selected to allow the exchange reactions to proceed for 161 s at the selected flow rate (297 μL/h). The setup was equilibrated for one hour before each measurement. The endpoint sample was prepared by mixing solutions A, B, and C at the appropriate ratio followed by an incubation at 37°C for 2 h before ESI MS.
ESI MS Measurements. ESI MS measurements were carried out with a SolariX 7 (Bruker Daltonics) Fourier transform ion cyclotron resonance (FT ICR) MS. The ESI source was directly connected to the outlet of the online mixing apparatus. Mass-selection of [M+10H] 10+ ions in the front-end quadrupole filter was followed by ECD of precursor ions in the ICR cell. Typically, 3,000-4,000 scans were accumulated for each ECD spectrum. To ensure scrambling-free fragmentation of protein ions, relatively mild ion desolvation and isolation conditions were used in this work (capillary exit: 190.0 V; collision voltage: −3.0 V; collision RF amplitude: 500.0 V. Isolation windows for Ub ions representing conformers C-1 and C-2 are as follows: C-1, centered at m/z 857, width 7.5 m/z units; C-2, centered at m/z 865.5, width 7.0 m/z units.
HDX MS/MS Data Analysis.
Masses of fragment ions were determined as follows: for those peak clusters whose monoisotopic peak was more intense than the last peak used for calculation, number average masses were calculated; otherwise, for sake of reducing error, the isotopic envelope was fit to a Gaussian curve after discarding any overlapping peaks to determine the m/z of its apex (x C ) (54), followed by mass determination using x C (see SI Text and Fig. S3 ). The cumulative backbone-amide 2 H retention of a certain segment represented by c or z ions was calculated as: For residues where subsequent fragment ions were missing, D(R i ) was assigned as: Comparison of Protection Maps of the Native State, C-1 and C-2 of Ubiquitin. Because the native ubiquitin (Ub) was measured at 28 ± 1°C, whereas C-1 and C-2 were measured at 24 ± 2°C, when the comparison of protection patterns of these conformations, a compensation was made for deuterium retention at individual amides [D(R i )] of native Ub according to the intrinsic exchangerate constants of amide hydrogen determined by Englander and coworkers (5, 6) . Admittedly, even if these rate constants obtained from oligopeptides remain accurate for protein amides, such correction is still theoretically less accurate because varied temperature may also affect the dynamics of protein. However, considering that the magnitude of this effect is much less significant than the difference in dynamics between distinct conformers, the plot of corrected D(R i ) was nonetheless overlaid in Fig. 5 as an approximated reference. Fig. S1 presents the comparison of pre-and postcorrection maps, demonstrating the insignificant magnitude of pattern distortion caused by correction. Numeric values used for plotting were tabulated in Table S1 .
Determination of Ionic Masses of Fragment Ions. Examples of mass determination are shown in Fig. S3 . H + responsible for charging protein/fragment ions were treated as a combination of 0.97/11 2 H + and 10.03/11 1 H + . The equivalence between two approaches (number average vs. Gaussian fitting) was evaluated by applying both to tens of nonoverlapped peak clusters in the latter category aforementioned. None of the resulting discrepancy was higher than 0.5%. Table 1 . . The ionic masses of these species were determined using the two approaches described in Materials and Methods. 
